Ion steering effects in the interface of heterostructures can strongly influence the shape and position of angular channelling scans leading to considerable error in the determination of strain by ion channelling. As an example, this paper presents channelling measurements on a near-lattice-matched AlGalnN/GaN heterostructure which show no shift between the angular scans from the quaternary layer and the underlying GaN substrate although high resolution x-ray diffraction data confirm the presence of strain in the layer. Such 'anomalous' behaviour was studied by means of Monte Cario simulations for nitride ternary and quaternary films in the whole composition range. The simulations show that the thickness, magnitude of the distortion of the strained lattice and energy of the probing beam are critical parameters controlling the impact of steering. Three composition/strain regions were established for a typical beam of 2 MeV alpha particles corresponding to different intensities of the steering potential and in which strain measurements by ion channelling are (a) correct, (b) possible but require corrections and (c) not possible due to steering effects.
Introduction
Elastic strain is a fundamental issue in semiconductor materials, affecting not only crystal quality but ais o electronic properties such as effective mass, bandgap and carrier density [1] . The strain indeed plays an important role in the development of high-power electronic and optoelectronic devices based on III-nitride compounds due to the large valúes of the piezoelectric coefficients [2] [3] [4] . These materials have attracted great interest in the last decade due to the possibilities of bandgap engineering and the heterostructure technology they can support [5] . The conventional growth of GaN is normally performed on sapphire substrates where, due to the lattice mismatch to GaN of ~16%, the crystal quality is considerably affected by the presence of dislocations and strain [6] . Therefore, there is a considerable interest in strainfree heterostructures with low dislocation densities, which seems feasible by the increasing availability of free standing GaN substrates. The AlGalnN quaternary system provides independent control over the band gap and the in-plane lattice parameter with respect to ternary nitrides, allowing the design of strain-free devices with a wide range of operating wavelengths. Furthermore, the electronic parameters of these GaN-based devices are easily controlled by elemental composition and thickness.
The most frequent method for determining the strain state of crystalline thin films is x-ray diffraction (XRD) [7] . However, this technique does not provide in-depth information and, in some cases, the interpretation of the sean is difficult due to the overlapping of reflection peaks. This inconvenience in fact takes place for AlGalnN and AlInN layers grown cióse to the lattice match conditions to GaN [8] . In addition, the compositional analysis of ternaries carried out by XRD is highly dependent on the exact knowledge of the lattice parameters and elastic constants of binary nitrides. Furthermore, in the particular case of quaternary nitrides compositional analysis by XRD is not possible due to the lack of sufficient fitting parameters. Therefore, the importance of using complementary techniques for the determination of composition, strain and crystal quality in these situations is clear.
Ion channelling is another approach for assessing structural properties in crystalline materials [9, 10] . The underlying physics of channelling processes is based on the directional effeets that take place when a charged particle beam is aligned with a major symmetry direction of the crystal and penetrates deep into the lattice with significantly reduced yield of backscattered projectiles [11] . In this way, channelling-based techniques have a high sensitivity to any lattice perturbation such as extended defeets (dislocations, stacking faults, etc), strain, impurities or implantation damage [12] . Rutherford backscattering spectrometry in combination with channelling (RBS/C) provides structural and compositional information with depth resolution [13] , yielding complementary information to XRD.
Above a critical angle of incidence between the probing beam and channel axis the particles are not able to remain channelled and the backscattering yield increases [11] . This strong angular dependence of scattering yield in the experimental angular scans is characterized by a typically symmetric dip, which reaches a minimum for perfect alignment of the beam with the lattice channel. Width and minimum yield of the dip are the fundamental parameters for the analysis, mainly related to the critical angle, the vibration amplitude of the atoms and lattice defeets. The strain state of semiconductor heterostructures is often calculated directly from the angular shift between the channelling dips of the layer and the substrate, since the minimum yield should appear at different angles for strained films in a sean performed within a plañe that contains both axes (of the film and the substrate). This angular shift corresponds to the kink angle, A0, the angle between the same low index crystal direction in the film and the substrate. In this way, the potential of these RBS/C analyses for strain determination has been successfully shown on several semiconductor systems [14] [15] [16] , and henee it can be considered as one of the best alternatives to solve the restrictions in the XRD analysis. Even so, recent RBS/C measurements of strain in different heterojunctions (based on GaAs [17] , GaN [18] , InP [19] , and Si [20] ) have shown substantial limitations. Actually, it has been proven that, when the kink angle is lower than the critical angle, RBS/C does not reproduce the real strain valúes because of the presence of steering effeets. Due to these effeets, it has been shown that the experimental angular scans across the axial direction can present 'anomalous channelling' effeets with asymmetric dips to double minimum configurations [17, 18] .
The manifestation of these phenomena is generally explained in Lindhard's analytical theory as a consequence of the statistical equilibrium of the ion flux distribution in the channel [21] . Monte Cario (MC) methods have shown, however, that this hypothesis is not always verified, depending on the thickness and the role of focusing effeets [22, 23] . Therefore, MC simulations represent a very helpful approach to understand and correct the steering effeets additionally taking into account several parameters of the ion-solid interaction such as thermal vibrations of atoms and dechannelling of particles in the different layers [24] [25] [26] . When they are incorporated in the analysis, errors in the direct strain calculation can be eliminated [18] .
In this paper, we report a comparative study for the determination of strain on AlGalnN/GaN heterostructures using RBS/C and XRD. XRD shows the presence of strain but angular scans from RBS/C experiments carried out across the (2 1 1 3} axis did not present the expected shift, asymmetries or double minimum structure. The lack of sensitivity to strain of RBS/C can be ascribed to steering effeets as confirmed by MC simulations. Moreover, MC simulations also showed that steering effeets can be considerably important even for relatively high valúes of strain when the layers are thick enough to reach the equilibrium flux distribution.
Experiment
A strained AlGalnN/GaN heterostructure was grown by rf plasma-assisted molecular beam epitaxy (PA-MBE) on a (0 0 01) GaN témplate (3.6 /xm thick) on sapphire. A 100 nm thick GaN buffer layer was grown at 730 °C under Ga-rich conditions to obtain a smooth and fíat surface. Next, a 250 nm thick layer of AlGalnN was then grown at 600 °C under metalrich conditions. More details about growth conditions can be found elsewhere [27, 28] .
High resolution XRD reciprocal space maps (RSMs) of the AlGalnN/GaN bilayer were acquired in a high resolution D8Discover diffractometer from Bruker-AXS with an asymmetric 2-bounce Ge(2 20) monochromator and a scintillation detector using monochromatic Cu (K a i) radiation.
RBS/C experiments were performed with a 2 MeV 4 He + beam, spot of lmm 2 . Backscattered ions were detected by silicon surface barrier detectors (energy resolution of 16 keV) placed at 165° and 170.1° in the IBM geometry. A 3-axis goniometer was employed to control the crystal position for angular scans with an aecuracy of 0.01°. Angular scans across the (0 0 0 1} and (2 11 3} axes were used to determine the crystal quality and the strain state of the film, respectively. Random spectra for compositional analysis were acquired by rotating the sample during the measurement. Both aligned and random spectra were simulated by the RBX code [29] .
MC simulations
MC simulations were carried out using the code FLUX [30] . A total number of 10000 ions was used to guarantee low statistical error. The universal Ziegler-Biersack-Littmark potential was assumed for the calculations of the individual ion-solid collisions [31] . The wurtzite lattice (P6^mc) was selected for the crystal, with the incident beam randomly distributed over the unit cell. The simulated angular sean was performed in the (2113) axis along the (1010) plañe, being the normalized yield derived from the cióse encounter probability for different angles. In the simulation, channelling processes were not directly incorporated since they appear as a consequence of the binary collisions of ions with the lattice.
For the simulations a two-layer model was employed: a first layer with the nitride compound of a fixed composition and the second with the GaN substrate. The strain state of the nitride compound was incorporated by means of a rotation matrix between both layers, using the kink angle as an input. This kink angle was calculated for a given film composition by determining the lattice parameters of a relaxed film from Vegard's law and those of a strained layer by combining Vegard's law and elasticity theory (Poisson's equation). The kink angle is then derived by A6 = 6> GaN -6> ñlm where 6 is the angle between the tilted axis and the growth direction. In the present case the angle between the (0 00 1} and the (-2113} axes is given by tan 0 = a/c. Vibration amplitudes (w 2 = V2wi)of the participant atoms were 0.08 Á (Al), 0.11 Á (Ga), 0.13 Á (In) and 0.09 Á (N). Valúes for Al and Ga are in good agreement with the current literature [32, 33] , although the Debye temperature for GaN is still under debate [34] . The vibrational amplitude for In atoms was fixed with the best fit because of the lack of references.
Results and discussion

RBS/C analysis of the AlGalnN/GaN heterostructure
The GaN témplate used for the growth of the quaternary nitride was first analysed by means of RBS/C. angular-resolved sean around the (0 0 0 1 > crystallographic axis of GaN (note that the z-axis scale is inverted in the graph). Twelve minima are clearly visible in the drawing, revealing the well-known wurtzite structure of GaN [5] . The intensity of the minima can be used to select the crystallographic planes for the analysis of strain, {2110} dips being deeper than the {10 í 0} ones [35] . The minimum yield for alignment with the (00 0 1} axis was 1.76(6)%, demonstrating the excellent quality of the crystal. Figure 2 shows random and (00 0 1} aligned RBS/C spectra of the AlGalnN/GaN bilayer, together with the simulated spectra (solid lines) extracted from RBX. The fitting of the experimental data was done assuming a singlelayer model. Since the Rutherford cross-section is higher for heavy elements, the sensitivity to In and Ga is higher than for the lighter elements. Moreover, the Al and N signáis are overlapped with the Ga signal from the GaN buffer layer. Both effeets preclude a direct quantification of both elements. Therefore, a stoichiometric nitride (50% of N in the sample) was assumed for the fitting and the Al concentration was derived from the deficieney in In and Ga. The resulting composition for the quaternary nitride was found to be Alo.02Gao.90Ino.08N.
The (0 0 0 1} aligned spectrum (lower graph and inset in figure 2 ) reveáis a minimum yield Xmín = 4.3(1)% for the In-signal cióse to the surface, confirming the high crystalline quality of the AlGalnN film. Despite this, a significant increment in the fraction of dechannelled ions (3.6% according to the simulation) with respect to GaN is observed for the quaternary layer. Since the dechannelled ions from the GaN layer are only 0.32%, this fact suggests thepresence of intrinsic defeets in the quaternary compound. Figure 3 shows the experimental angular scans around the (2113) direction, acquired in steps of 0.05°. The integráis for the different energy windows (see figure 2) correspond to the signal from In (wl) and Ga (w2) within the quaternary layer and Ga (w3) from the GaN buffer layer. As shown, neither an asymmetry ñor a peak shift appears in the scans for the three selected energy windows. A priori, this means that the AlGalnN layer is not strained or that our experimental set-up is not sensitive to strain. As shown below, XRD analysis shows that the layer is strained and, therefore, the latter applies.
XRD analysis of the AlGalnN/GaN heterostructure
The RSMs of the Alo.02Gao.90Ino.08N/GaN heterostructure for the (0 0 04) and (10 í 5) planes are shown in figure 4 . The fact that the (0 0 0 4) reflection of the film and the buffer are on a horizontal line shows that there are no macroscopic tilts between the crystal planes of both layers. The vertical line crossing the (10 í 5) GaN reflection represents the positions for pseudomorphic material. The slight deviation of the AlGalnN reflection from this position and its asymmetry shows that the layer is partially relaxed. The slight elongation of the AlGalnN reflection towards the one of GaN points to a compositional grading which is, however, not strong enough to be seen in the RBS spectra. This fact could be related to a first growth stage in which the film starts to grow coherent with slightly lower InN content and then starts to relax and higher InN molar fractions are incorporated into the layer leading to larger c lattice parameters. Such compositional pulling effects are frequently observed in InGaN layers on GaN [36] .
The máximum of the (101 5) reflection was found at (Qx,Q z ) = (59.91 nm-1 , 22.77mrr 1 ), while a totally relaxed material would appear at the position (Q x , Q z ) = (60.16nm _1 , 22.57mrr 1 ) as estimated using Vegard's law [37] and marked in figure 4(b) . The lattice parameters of both layers were extracted from the maps, since Q x and Q z are inversely proportional to a and c, respectively. In this way, the a and c valúes for the GaN and AlGalnN layers, respectively, were found to be (a, c) = (3.183 (2) The resulting tetragonal distortion (e T = e" -e 1 ) was -1.32%, indicating that the quaternary layer was grown under compressive strain.
The angle 0 between the (0 0 0 1) and the (2 11 3} axes of the film and the GaN buffer layer, being located at ~31.6° along the (1010) plañe, can be calculated from tan 9 = a/c. The results from RSMs reveal that a kink angle of A6 = -0.24° is present between the (2 11 3} axes of the film and the buffer layer L which should become visible in the angular sean across the (2 11 3} axis. However, as seen in figure 2 , the expected A0 is not visible in the angular sean across the (2 1 1 3} axis. This proves that, for the experimental configuration used, the RBS/C analysis is not sensitive to the strain within the layer.
MC simulations ofRBS/C data using FLUX
Effect ofthe AlGalnNlayer thickness.
Theanomalous behaviour observed in the RBS/C data (no visible shift between the angular scans corresponding to the A0 expected for a strained AlGalnN layer) can only be explained if steering effects at the AlGalnN/GaN interface are taken into account. In fact, following Lindhard's formula i¡r\ =_(2ZiZ 2 e 2 /'Ed) 1/2 , the theoretical critical angle along the (2113) axis for Ga atoms is 0.695°, which is ~3 times higher than the calculated A0. Thus, most ions entering the GaN substrate will be able to modify their trajectory without suffering significant large angle scattering events.
To better understand the steering effects, figure 3 compares MC simulations of the dips along the (211 3) axis with the experimental data. In the model, a 250 nm layer of Alo.02Gao.90Ino.08N on GaN substrate was simulated. The measured lattice parameters for GaN and Alo.02Gao.90Ino.08N lead to a kink angle of A0 = -0.24°, which was used as a fixed input parameter. The slight misfit between simulation and experiment can be explained by restrictions in the FLUX code, which does not take into account lattice defects. These defects, however, have been observed in the RBS/C spectra, since the AlGalnN dechannelling rate was 3.6 times higher than that for the GaN substrate.
The insensitivity to A0 in the angular scans is attributed to steering effects at the interface due to the large thickness of the quaternary layer. Indeed, MC simulations predict that the cióse encounter probability for the GaN layer is highly dependent on the thickness of the first AlGalnN layer. This situation is related to the mean free path (A.x) of He + ions inside the (2113) channel. This parameter can be calculated from the relation 1/A.x = (jr 2 /4)Nda^2/^, derived by Lindhard [11] . In ourpresent situation this gives Xx = 55.2nm (taking i/fj = \jr\ which is 4.5 times lower than the thickness of the layer. In such conditions He + ions can reach the interface without the typical oscillatory behaviour that takes place at the beginning of theprocess of channelling, enhancing the steering towards the substrate.
The previous assumption is _ confirmed by further simulations ofthe angular scans for (2113) in the GaN buffer of structures with the same quaternary composition but for different film thicknesses (from 10 to 250 nm), as shown in figure 5 . In the graph, 0 = 0 corresponds to the position of the minimum for the surface film. For thin quaternary layers (< \X\_ nm) the change in cióse encounter probability in the interface (not shown) is dependent on the sign of the incidence angle. In this configuration, RBS/C is sensitive to A0, as derived by the simulated angular shift (SAS) for the w3 región (in good agreement with the input valué of -0.24°). For thicknesses of ~X±_ a strong asymmetry is still visible in the dip, indicating that flux oscillations are not completely removed. A double minimum configuration then appears. For thick layers (>2X ± ) the cióse encounter probability becomes independent of the sign of the incidence angle leading to symmetric channelling dips. This is accompanied by the decay of ion oscillations (normally appearing in the second period [21] ) clearly visible when plotting the cióse encounter probability as a function of depth (not shown). Thus, for large thickness valúes, the A0 stays undetectable by RBS/C and no shift is visible in the dip of the SAS, in agreement with the experiments described in section 4.1.
Effect of the strain state.
Although the thickness of the layer is a critical parameter for the steering of ions, there is a limit for the máximum strain that allows this behaviour. To explore this issue, MC simulations were performed for different valúes of tetragonal distortion. For simplicity, a pseudomorphic 125 nm thick layer was considered in all cases, since this thickness is higher than 2X ± but it is less time-consuming in the simulations and corresponds to the thickness of previously studied AlInN layers [18] . Ternary Al x Gai_ x N, In x Gai_ x N and Al x Ini_ x N compounds were studied, varying the x parameter to elabórate a complete map. The a parameter of the lattice was fixed as 3.189 Á (relaxed valué of GaN) and the expected c lattice parameter for fully strained compounds was calculated taking into account the composition and known valúes for Cn and C33 coefficients [38] and following Poisson's equation for elastic deformation, e 1 = -2(Ci3/C33)e". Tetragonal distortion was set as an input in the simulation via the kink angle.
For each simulation, the SAS was calculated by a Gaussian fitting of the simulated channelling dip and compared with the valué of A0 used as an input in the simulations, obtaining the relative error (RE). Figure 6 shows the results of RE for the case of a fully strained Al x Ini_ x N/GaN bilayer with different A0 (corresponding to different compositions). Three regions can be clearly distinguished in the graph, depending on the intensity ofthe steering potential. For valúes of |A0| > 1.5°, the steering effects are negligible and the RE is inferior to 5%, meaning that the SAS reproduces the A0 valué. In this región the experimental angular sean can be used directly to obtain the strain state of the layer. However, for lower valúes (1.5° > |A0| > 0.5°) thepresence of steering effects becomes more important, and double minimum configurations are visible in the dip of the GaN buffer. In this range, a large fraction of the ions is still able to bend their trajectory at the interface and then SAS does not correspond to A0. Indeed, RE is higher than 5% and grows with decreasing A0. This behaviour can be fitted by an exponential function (dashed line in the graph). The correct A0 can be determined from experimental scans only when MC simulations are used to fit the experimental data [18] . For valúes of |A0| < 0.5°, the potential is intense enough to make the shift in the sean undetectable and just a slight asymmetry is observable in the dip. Henee, A0 cannot be directly measured or fitted by MC calculations.
The transition between these stages is shown in figure 7 . With the increasing valué of x in the ALJn^N layer, the inplane strain state can be modified from compressive to tensile. For x ~ 0.75, the SAS is zero because for a completely strained layer with this composition both the a and c lattice parameters are identical with the valúes of GaN. Furthermore, for compositions cióse to the real lattice match (the a parameter of relaxed Alo.73Ino.17N is the same as for GaN) the strain is very low and the two components of the dip coming from directly and indirectly channelled particles are mixed resulting in asymmetric dips. In those cases a two-Gaussian fitting was used to extract the corresponding SAS, being the first Gaussian centred in the 0 =0 position. When the strain is increasing (x < 0.7 and x > 0.8) the component associated with 0=0 (bent ions) disappears progressively, and the RE is rapidly falling. Figure 8 summarizes the study in the Al x Gai_ x N, In x Gai_ x N and Al x Ini_ x N compounds including nonpseudomorphic growth. The molar fraction (x) of these ternary nitrides was varied yielding different A0 from fully strained to totally relaxed conditions (solid lines in the graph). Points represent the SAS from MC calculations, and the dashed lines correspond to a RE of 5%, 25% and 75%. As can be observed, the presence of steering effects drastically diminishes the capability of detection of the strain state from RBS/C. This situation is particularly important when A0 is lower than the critical angle (|A0| < 0.5°), which is the case for low valúes of strain. The composition of the layer slightly affeets the SAS (note that error lines are not constant), but seems to play a minor role in the steering of ions through the interface. Although regions where no SAS is visible are significantly large, MC simulations can still be used to calcúlate the strain of the layer in several circumstances. It should be noted that steering effects can be reduced for higher beam energies because of the decreased critical angle. Furthermore, steering effects can be suppressed in layers with low crystal quality where strong dechannelling already takes place in the nitride film [8] .
Conclusions
In this study, RBS/C and XRD experiments on a strained Alo.02Gao.90Ino.08N/GaN heterostructure were reported. The compositional and structural analysis obtained from the combination of both techniques shows that the quaternary layer was partially relaxed with a remaining tetragonal distortion of -1.32% in the film. Such a strain state leads to a kink angle between the (2 1 1 3} axis of the film and that of the GaN buffer layer of A0 = -0.24°. However, experimental angular scans from RBS/C along the (2 1 1 3} axis revealed no shift between scans of the GaN buffer and the AlGalnN signáis. Such anomalous behaviour is explained in terms of the strong steering potential at the interface. MC simulations of the RBS/C angular scans reveal good agreement with experimental data and support the role of steering effects despite the limitations of the FLUX code (it does not allow simulating dechannelling due to the presence of defects in the quaternary layer). The relevant role of the quaternary layer thickness on the cióse encounter probability has been demonstrated. The influence of steering effects on RBS/C strain determination was verified even for high valúes of strain. It was shown that the RE in the strain state calculation (corresponding to the error that is made if the strain state is determined directly from the shift of experimental angular scans) grows exponentially as the A0 decreases. Threeregions were distinguished corresponding to different intensities of the steering effects: for low AO (similar a/c ratios for film and substrate and low strain) it is not possible to determine the strain by RBS/C; for intermedíate A6 a correction is required to account for steering effects; and for high A0 (high lattice mismatch and strain) the strain can be determined directly from the experimental RBS/C scans. The exact boundaries for these regions also depend on the layer thicknesses and the beam energy.
